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The DC and AC conductivities of the n-GaAs/AlAs heterostructure with two filled size quan-
tization levels are studied within a wide magnetic field range. The electron spectrum of such
heterostructure is characterized by two subbands (symmetric S and antisymmetric AS), separated
by the band gap ∆12 = 15.5 meV. It is shown that, in the linear regime at the applied magnetic
field B > 3 T, the system exhibits oscillations corresponding to the integer quantum Hall effect. A
quite complicated pattern of such oscillations is well interpreted in terms of transitions between Lan-
dau levels related to different subbands. At B < 1 T, magneto-intersubband resistance oscillations
(MISOs) are observed. An increase in the conductivity with the electric current flowing across the
sample or in the intensity of the surface acoustic wave (SAW) in the regime of the integer quantum
Hall effect is determined by an increase in the electron gas temperature. In the case of intersubband
transitions, it is found that nonlinearity cannot be explained by heating. At the same time, the
decrease in the AC conductivity with increasing SAW electric field is independent of frequency, but
the corresponding behavior does not coincide with that corresponding to the dependence of the DC
conductivity on the Hall voltage Ey.
I. INTRODUCTION
The electron spectrum of semiconductor heterostruc-
tures including two quantum wells, wide quantum wells,
or two size quantization bands with bottoms below the
Fermi level has two subbands separated by a band gap
∆12. Coupling between these subbands significantly af-
fects the main characteristics of such two-subband sys-
tems, giving rise to a number of new magnetotransport
phenomena [1, 2], which are absent in single-subband sys-
tems. For example, in a two-subband system, the 1/B
dependence of the conductivity exhibits not only periodic
Shubnikovde Haas (SdH) oscillations whose frequencies
(f1 and f2) are determined by the electron densities in
the subbands (n1 and n2) but also oscillations with a dif-
ference frequency (f1 - f2). These oscillations, referred to
as magneto-intersubband oscillations (MISOs), are due
to transitions between the states corresponding to the
same energy occurring when Landau levels cross differ-
ent subbands. The resonance nature of such interband
transitions does not depend on the position of the Fermi
level and, therefore, MISOs appear at higher tempera-
tures than those characteristic of the SdH oscillations [1].
Magneto-intersubband oscillations were actively studied
both theoretically [1, 3–5] and experimentally in single
and double GaAs quantum wells [6, 7]. Recently, they
were detected in a HgTe quantum well with two filled spin
subbands [8]. In quantizing magnetic fields, two-subband
systems exhibit not only the integer and fractional quan-
tum Hall effects [2, 9] but also collective electronic states
caused by the anticrossing of Landau levels of different
subbands [10, 11].
Such heterostructures also exhibit unusual non-ohmic
effects arising with an increase in the electric current
flowing across the sample under study at low magnetic
fields, at which the intersubband transitions are ob-
served [12–15]. Despite the long-term history of the re-
search in the field of two-subband electron systems, many
aspects of magnetotransport in them are still debatable
[16–18]. In the presence of two partially filled subbands,
the picture of Shubnikovde Haas oscillations (as well as
the picture of the integer Hall effect) is quite complicated
and requires special investigation.
In this work, we study the n-GaAs/AlAs heterostruc-
ture with the 26-nm-wide potential well and with
AlAs/GaAs superlattice potential barriers. The DC
transport characteristics of this heterostructure mea-
sured both in linear and in nonlinear regimes were stud-
ied in detail in [15, 19–22] at magnetic fields up to 2 T.
These studies demonstrate that the total charge carrier
(electron) density ntot equals 8.13 × 10
11 cm−2; hence,
the upper (second) size quantization level turns out to
be below the Fermi level. Therefore, the electron spec-
trum has two subbands (symmetric and antisymmetric)
separated by an energy gap ∆12 = 15.5meV. The charge
carrier densities in these subbands differ by a factor of 3:
in the symmetric subband, n1 = 6.2× 10
11 cm−2, and in
the antisymmetric one, n2 = 1.9×10
11 cm−2. These data
are obtained by the Fourier analysis of DC conductivity
oscillations.
In this work, the effect of the two-subband energy spec-
trum on the formation of magnetotransport oscillation
patterns at applied magnetic fields up to 14 T in the
linear and nonlinear regimes is studied using DC mea-
surements (in fields up to 14 T) and contactless acoustic
spectroscopy (in fields up to 8 T). As far as we know,
such measurements in two-subband structures have not
yet been performed. In particular, we are going to study
2the frequency dependence of the AC conductivity in the
nonlinear regime.
II. EXPERIMENTAL TECHNIQUES AND
RESULTS
The used experimental techniques and the actual
ranges of the measured characteristics are illustrated in
Fig.1. A more detailed description can be found, e.g.,
in [18].
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FIG. 1. Experimental techniques and actual parameter
ranges: (a) DC measurements (with the Hall bar). Simul-
taneous measurements of σxx(B) and σxy(B) at B ≤ 14 T,
T = 2–20 K. (b) Acoustic technique. Determination of the
AC conductivity σxx(ω) ≡ σ1 − iσ2. B ≤ 8 T, T = 1.7–15 K.
The DC measurements are performed using a 50 ×
450 µm2 Hall bar, whereas the ρxx(B) and ρxy(B) com-
ponents of magnetoresistance are studied at magnetic
fields up to 14 T and at temperatures from 2.2 to 20 K
in both the linear and nonlinear regimes.
The absorption of surface acoustic waves (SAWs) with
the frequencies f=30, 86, 140, 198, and 253 MHz and the
changes in their speed are measured at magnetic fields
up to 8 T and temperatures T = 1.7 − 15K in both the
linear and nonlinear regimes. Here, SAWs are excited
and detected by the interdigital transducers IDT1 and
IDT2 created on the surface of a lithium niobate crystal.
The sample under study is pinned down between these
transducers by a spring. The propagation of a SAW (a
Rayleigh wave) along the surface of lithium niobate (Uin
and Uout are the input and output signals, respectively)
is accompanied by the generation of an electric field pen-
etrating into the sample and interacting with charge car-
riers in the conduction channel. The absorption of the
SAW interacting with electrons and its phase change are
measured as functions of the magnetic field, temperature,
frequency, and intensity of this wave. Having the simulta-
neously measured absorption and phase change and using
the formulas reported in [18], it is possible to determine
the real and imaginary components of the complex AC
conductivity, σxx(ω) ≡ σ1 − iσ2.
In the sample under study, the DC measurements of
the ρxx and ρxy components of the magnetoresistance
tensor are performed. These components depend on the
temperature and electric current flowing across the sam-
ple. The magnetic field dependence of the conductivities
σxx and σxy at T=2.65 K (calculated using the measured
components of the magneto-resistivity tensor by the for-
mula σik = ρik/(ρ
2
xx + ρ
2
xy))) is shown in Fig. 2.
The arrows in Fig. 2a, drawn at the centers of the σxy
plateau, correspond to ν = 2εF /~ωc, where the Fermi
energy εF is calculated for the total electron density ntot
in the quantum well at B = 0 and ωc is the cyclotron
frequency. A factor of 2 is due to the spin splitting of the
Landau levels. Figure 2 demonstrates a complicated pat-
tern of oscillations, where SdH oscillations are observed
at magnetic fields of 13 T (Fig. 2a), the integer quantum
Hall effect appears above 3 T, and intersubband oscilla-
tions manifest themselves at B < 1 T (Fig. 2b). Further,
on, we discuss these issues in more detail.
Magnetic Fields B > 1 T. Linear Regime
In this sample, the complicated pattern of oscillations
of the conductivity σxx could be related to a certain filling
factor ν by using the experimentally determined conduc-
tivities σxy(B) at the plateau and their positions in the
magnetic field at T = 2.65 K. These values coincide with
those calculated by the formula ν = 2εF/~ωc.
To calculate the Fermi energy as a function of the mag-
netic field for the system with a two-subband energy spec-
trum, we used the well-known expression for the electron
density n:
n =
∫
ρ(ε)f0(ε) dε. (1)
Here, ρ(ε) is the electron density of states and f0(ε) =[
exp
(
ε−ζ
kBT
)
+ 1
]−1
is the FermiDirac distribution func-
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FIG. 2. ( (a) Magnetic field dependences of the conductivities
σxx and σxy at T = 2.65 K. The filling factors are indicated
above the oscillations. (b) Positions of maxima of magneto-
intersubband oscillations in σxx (kMISO) and of minima of
SdH oscillations (νSdH) versus the inverse magnetic field in
the range of 0 ≤ B ≤ 14 T.
tion, where kB is the Boltzmann constant, ζ is the chem-
ical potential, and ζT→0 is the Fermi energy.
At nonzero applied magnetic field, neglecting the colli-
sional broadening of Landau levels, the density of states
can be written in the form
ρ(ε) =
eB
2pi~c
∑
i=1,2
∑
s=±1/2
∞∑
N=0
δ [ε− εi
−~ωc(N + 1/2)− sgµ0B] . (2)
Here, i is the number of the size quantization subband, εi
is the energy corresponding to the bottom of the ith sub-
band, s = ±1/2 is the spin projection on the magnetic
field direction, g is the electron spectroscopic splitting
factor, and µ0 is the Bohr magneton. In a quantizing
magnetic field, where ~ωc ≫ kBT , we can make the re-
placement f0(ε)→ Θ(εF −ε), after which the calculation
of integral (1) becomes trivial. Each completely filled
Landau level with a given spin projection makes the con-
tribution e/2pi~c, and the Fermi level coincides with the
upper, partially filled Landau level.
In Fig. 3, we plot the fans of Landau levels for two
subbands calculated using the following input data: the
S subband bottom ε1 ≡ 0, the upper subband bottom
ε2 ≡ ∆12 = 15.5 meV, the effective mass of electrons in
GaAs m∗ = 0.067m0, and the electron spec- troscopic
splitting factor g=1.3.
Using this energy diagram and Eq. (1) for T=0 in the
form
ntot =
∫ εF
0
ρ(ε) dε, (3)
we calculate the Fermi energy (see Fig. 3) at the total
charge carrier density ntot = 8.13×10
11 cm−2. Since the
energy is measured from the bottom of the S subband,
the Fermi energy at zero magnetic field is equal to the
Fermi energy in the lower subband εF1 = 22 meV (which
is proportional to the charge carrier density inthis sub-
band). The calculated magnetic field dependence of the
Fermi energy is shown in Fig. 3 by the black line.
The comparison of the top and bottom panels in Fig.
3 demonstrates that the positions of the minima in the
oscillations along the magnetic field that are observed in
the experiment and correspond to even occupation num-
bers (4, 6, 8, 10, ) are related to the Fermi level jumps
between different subbands (S and AS), whereas the po-
sitions of odd oscillations (5, 7) are related to the jumps
between the spin-split Landau levels in each of the sub-
bands. Thus, the above reasoning suggests that the com-
plicated oscillation pattern of σxx is due to jumps of the
Fermi level between Landau levels of different subbands
in the magnetic field.
The temperature dependence of electrical conductivity
is studied using the contactless acoustic technique.
The magnetic field dependence of the linear AC con-
ductivity at different temperatures is shown in Fig. 4,
where it is seen that the real component of the conduc-
tivity increases with the temperature in the regime of
the quantum Hall effect. At T = 1.7 K, T = 1.7 at the
minima of conductivity, whereas σ2 ≪ σ1 between them
because charge carriers at the minima of oscillations in
the quantum Hall regime are localized, and the conduc-
tivity is determined by the hopping mechanism [23].
Magnetic Fields B > 1 T. The Range of the Integer
Quantum Hall Effect. Nonlinear Regime
Figure 5 shows the (a) temperature and (b) SAW in-
tensity dependences of σ1 at 30 MHz at the sample input
corresponding to ν = 6 and 8, i.e., in the regime of the
integer quantum Hall effect. As seen, σ1 in this regime
increases both with the temperature (Fig. 5a) and with
the SAW intensity (Fig. 5b). Usually, this dependence of
the conductivity on the SAW intensity is attributed to
the heating of the electron gas by the electric field of the
SAW. The estimate based on the comparison of Figs. 5a
and b shows that the electric field with an intensity of
0.01 W/cm heats the electron system being initially at
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FIG. 3. Fans of Landau levels for two subbands. Red lines denote Landau levels for the symmetric subband; these levels
are spin split. Blue lines denote Landau levels for the antisymmetric subband; the g factor is 1.3. The black line shows the
magnetic field dependence of the Fermi level.
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FIG. 4. Magnetic field dependences of the conductivity σ1 at
temperatures of 4.2, 3.7, 3.2, 2.7, and 1.7 K and the conduc-
tivity σ2(B) at T = 1.7 K; f = 86 MHz. The arrow indicates
a decrease in temperature.
4.2 K only to about 7 K. The nonlinear effects in the DC
conductivity arising in the regime of the integer quan-
tum Hall effect were studied and analyzed in detail in a
number of works (see, e.g., [24, 25]). It was found that
nonlinearities are also due primarily to the heating of the
electron gas by the electrostatic field.
The oscillation pattern of the conductivity σ1 obtained
by the DC measurements at magnetic fields up to 14 T
in the linear regime is shown in Fig. 2b. At low mag-
netic fields, the period of these oscillations is much larger
than that of SdH oscillations. Since two size quantiza-
tion levels exist below the Fermi level, these oscillations
are assumingly intersubband oscillations. The plot of the
positions of the maxima of these oscillations versus 1/B
gives ∆12 = 15.5 meV, which coincides with the results
of the Fourier analysis of magnetoresistance oscillations
at B < 1 T.
Magnetic Fields B < 1 T
Linear regime. As mentioned in the Introduction, the
conductivity in low magnetic fields is studied using DC
measurements and acoustic spectroscopy. The magnetic
field dependence of σxx in the linear regime obtained by
DC measurements at different temperatures is shown in
Fig. 6.
Nonlinear regime. The measured magnetic field de-
pendence of the real part of σxx(ω) in the nonlinear
regime is shown in Fig. 7. It is seen that different meth-
ods give a qualitatively similar behavior of the conduc-
tivity in the course of intersubband transitions in the
nonlinear regime: with an increase in the electric cur-
rent flowing across the sample or in the intensity of the
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FIG. 5. (a) Temperature dependence of the conductivity σ1
at ν = 6 and 8. (b) Conductivity σ1 versus the intensity
P (W/cm) of the surface acoustic wave at the sample input;
T = 4.2 K; f = 30 MHz.
      
[
[
[
[

V [[
 :
 
B7
.
.
.
.
.
7H
PS
HUD
WXU
H
GH
FUH
DV
H

FIG. 6. Magnetic field dependence of the DC conductivity
σxx in the regime of intersubband transitions at temperatures
of 4, 8, 12, 16, and 20 K. The arrow indicates a decrease in
temperature.
alternate with each other. Comparing Figs. 6 and 7b,
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FIG. 7. Magnetic field dependence of the conductivity σ1(B)
at T = 4.2 K and (a) at different SAW intensities at the
sample input, f = 140 MHz, and (b) obtained by the DC
measurements at different electric currents. The arrows indi-
cate the increase in intensity and in the electric current at the
sample input.
we can see that the temperature and DC current depen-
dences of the conductivity have different forms. Namely,
the conductivity increases slightly with the temperature,
whereas the conductivity decreases with an increase in
the electric field, and the conductivity maxima are re-
placed by minima with a further increase in E. This
suggests that nonlinearity in intersubband transitions is
hardly due to the heating of the electron gas, as in the
regime of the quantum Hall effect.
To compare the characteristics of nonlinear effects
studied by different methods, we plot in Fig. 8 the de-
pendence of the dimensionless conductivity, σ1/σ0, on
the electric field E applied across the sample at k=12 (at
other k values, the results are similar). In the acoustic
measurements, the value of E is determined by Eq. (1)
from [26]. In the DC measurements, where the current
Ix flowing across the sample is varied, the E field has two
components Ex = ρxxIx/d and Ey = ρyxIx/d such that
Ey ≫ Ex; i.e., Ex is very small.
According to Fig. 8, the dependence of σ1/σ0 on E
measured by the acoustic technique is independent of
6            




 f 0+]0+]
0+]
0+]
0+]
'&
V 
V 
E9FP
FIG. 8. Electric field dependence of the ratio σ1/σ0 at differ-ent SAW frequencies (f) and in the DC regime at B=0.73 T
(k=12 ), where σ0 is the conductivity at the same frequency
in the linear regime.
the SAW frequency within the measurement error and
differs from the dependence of σ1/σ0 on Ey obtained by
the DC measurements. Moreover, at E > 6 V/cm, the
ratio σ1/σ0 measured by the acoustic technique begins
to increase. This can be attributed to an increase in
the temperature of the electron gas. The same effect is
reported, e.g., in [13], where DC measurements were per-
formed with currents exceeding those used in our work
by a factor of 7. Note that the nonlinear behavior of σ1 in
the region of intersubband transitions is similar to that
of the conductivity in balanced systems.
III. DISCUSSION OF THE RESULTS
Let us summarize the main characteristic features of
the revealed nonlinear effects in DC and AC conductiv-
ities. Unfortunately, there is currently no quan- titative
theory of the nonlinear AC conductivity for two-subband
unbalanced structures. For this reason, we give only a
qualitative physical picture of nonlinear effects in differ-
ent magnetic field ranges.
• At B > 3 T, where the integer quantum Hall ef-
fect occurs, the electron heating by an electrostatic
or high-frequency electric field induced by a propa-
gating acoustic wave is responsible for the nonlinear
behavior.
• At B < 1 T, where magneto-intersubband oscilla-
tions occur in the linear regime, the nonlinear be-
havior of the conductivity is more diverse. First, in
the DC case, the f lowing current generates an ap-
preciable Hall field modulating the effective filling
factor across the sample [15]. This seems to be the
main reason for the dependence of the nonlinear
DC conductivity on the f lowing electric current,
similar to that reported in [15].
• When the AC electric field is induced by the prop-
agating acoustic wave, macroscopic Hall fields are
absent because the y components of the flowing cur-
rents have opposite directions in the regions cor-
responding to the neighboring half-periods of the
SAW. As a result, the average y component of the
current (and hence, the macroscopic Hall field) van-
ishes.
In such a situation, the nonlinear behavior can appar-
ently be attributed to the so-called quantal heating [27].
Just this interpretation of the results is adopted in several
experimental studies [12, 13, 28, 29]. This mechanism is
due to the quantization of the electron spectrum in the
magnetic field. As a result, the energy dependence of the
electron density of states has the form of a set of narrow
peaks. A change in the relative positions of the peaks in
the density of states corresponding to different subbands
in the applied magnetic field leads to a magnetic field de-
pendence of the probabilities of intersubband transitions.
This gives rise to the oscillations of the conductivity.
The probabilities of intersubband transitions depend
both on the mutual arrangement of the peaks in the den-
sity of states (coinciding with the Landau levels) and on
the differences in the filling factors of these states. With
an increase in the electric field, the energy distribution
of electrons becomes nonequilibrium. This distribution
function is then determined by the equation of diffusion,
and the diffusion coefficient for energy is proportional to
the electric field squared. Therefore, this is the so-called
spectral diffusion, which leads to a decrease in the differ-
ence between the occupation numbers of the initial and
final states. The quantitative analysis [13] of the non-
linear DC conductivity shows that the quantization of
the spectrum and the nonequilibrium of the distribution
function make contributions to the conductivity with op-
posite signs. For this reason, with an increase in the elec-
tric field, the maxima in the magneto-oscillation pattern
are transformed to minima.
A detailed interpretation of the observed phenomena
requires a quantitative nonlinear theory of the AC con-
ductivity of a two-subband electron system in the ap-
plied magnetic field. In such a theory, it is necessary to
take into account the Landau quantization, elastic and
inelastic scattering of electrons by each other, structural
defects, and phonons, as well as the acceleration of elec-
trons by the applied electric field. As mentioned above,
a detailed analysis of the DC case was performed in [27].
We believe that the experimental results obtained in this
work should stimulate the development of such a theory
for the AC conductivity.
7CONCLUSION
In this work, the contactless acoustic technique has
been applied for the first time to study linear and non-
linear AC conductivities in an n-GaAs/AlAs heterostruc-
ture that has two occupied size quantization levels (with
different carrier densities) and, therefore, a two-subband
energy spectrum. It is shown that the nonlinear behav-
ior of the AC conductivity in two-subband heterostruc-
tures differs markedly from that characteristic of usual
heterostructures with a single occupied size quantization
level.
In conventional heterostructures, the linear AC con-
ductivity in the regime of SdH oscillations and in the fre-
quency range under study is independent of the SAW fre-
quency and coincides with the DC conductivity. With an
increase in the temperature, SAW intensity, or current,
these oscillations are suppressed because of the heating
of the electron gas.
In two-subband heterostructures, the linear AC and
DC conductivities are also close to each other. At the
same time, the nonlinear behaviors of conductivities are
significantly different. Thus, the study of the nonlinear
AC conductivity provides additional information on the
magnetoconductivity of the quasi-two-dimensional elec-
tron gas.
We believe that the significant difference in the behav-
ior of nonlinear AC and DC conductivities, which is the
main result of this work, suggests an important role of
the macroscopic Hall field. Such field is generated in the
DC case and is absent in the AC one. Note once again
that a detailed interpretation of experimental results re-
ported in this work requires significant progress in the
development of the quantitative theory of the nonlinear
AC conductivity.
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